. Transgenic, mutant, and knockout mice have become important tools to investigate the contributions of genes to behavior. Such mice are also useful for identifying genes involved in sleep, as well as for better understanding the mechanisms underlying sleep regulation. [1] [2] [3] [4] However, because the phenotype of a genetically modified mouse results from the targeted gene as well as its interaction with background genes, 5 information on strain differences in sleep is a complementary and necessary step to fully uncover the involvement of genes in sleep. Such studies, pioneered by Valatx, 6 have shown that sleep characteristics are strongly dependent on genetic background. Indeed, studies in inbred male mice have shown that the duration and the light-dark distribution of sleep are under genetic control and that the ratio of rapid eye movement sleep (REM) sleep and non-REM (NREM) sleep differed in several inbred mouse strains. 6-9. For example, C57BL/6J and Balb/c mice were found to represent extremes for percentage of total sleep time, 10 robustness of the diurnal rhythm of sleep, 8, 9 and amount of REM and NREM sleep, 11 while mice from the C3H/He strain were found to be intermediate with respect to these sleep phenotypes. 11 Following these reports of strain differences, quantitative trait loci (QTL) analysis studies have proven to be a successful approach for identifying genetic factors involved in sleep regulation. Thus, although earlier studies did yield provisional but not significant loci, 12,13 more recent ones have identified significant QTL for REM sleep 14 and for NREM sleep delta power. 15 The importance of obtaining data in different strains of female mice is underlined by recent reports of gender-specific QTL for behaviors as diverse as alcohol drinking 16 and stress-induced analgesia, 17 as well as by reports of gender differences for many behavioral characteristics between and within strains. 18 Surprisingly, there have been no reports of sleep patterns in female mice.
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Female studies are complicated because sleep is affected by gonadal steroids. In particular, hormonal fluctuations over the menstrual or estrous cycles have been associated with sleep variations in both humans and rats. In humans, there is an increase in the percentage of NREM sleep without modification of slow wave activity (SWA) during the luteal compared to the follicular phase. 19, 20 REM sleep latency is shown to be reduced 21 or unchanged 19 in the luteal phase, and REM sleep percentage is increased during the early follicular phase compared to the reduction observed following ovulation (late luteal phase). 19 In rats, where the estrous cycle is classically divided into 4 days (diestrusproestrus-estrus-metestrus), sleep during proestrus is characterized by a marked reduction in the nocturnal amount of NREM and REM sleep, as well as in SWA in NREM sleep when compared to any other day. [22] [23] [24] The loss of sleep and sleep intensity during this proestrus night seems to be compensated for by an increase in sleep, mainly REM sleep, during the light phase of estrus. [23] [24] [25] However, other studies have found no effect of the estrous cycle on the amount of NREM sleep and only minor changes in REM sleep, consisting of a decrease on the night of proestrus compared to that of diestrus and metestrus. 26, 27 Based on these results and the lack of sleep data in female mice, the aim of this study was to determine sleep patterns in female mice of different inbred strains and to examine, within each strain, vigilance state fluctuations over the estrous cycle. Furthermore, given the close relationships between body temperature, locomotor activity, and sleep in both rats and humans, [28] [29] [30] and because fluctuations of body temperature and locomotor activity are reported over the menstrual and estrous cycles, 28, 31, 32 we measured, along with electroencephalography (EEG) activity, strain differences and estrous-cycle variations in body temperature and locomotor activity.
MATERIALS AND METHODS
Subjects and Housing Conditions
The study was performed on adult virgin female mice of 3 different inbred strains: BALB/cJ (Balb), C57BL/6J (C57), C3H/HeJ (C3H) that were 3 to 5 months of age and between 21 and 27 grams at the time of the experiments. All animals were purchased from Jackson Laboratory (Bar Harbor, Maine, USA) and, upon arrival, were individually housed in a temperature-and humidity-controlled facility under a 12:12 light-dark cycle with lights on from 0600 to 1800. Mice had ad libitum access to food and water throughout the experiment. The mice were allowed at least 2 weeks of acclimation to the housing facilities before the start of the experiments.
Surgical Procedures
Animals were anesthetized with methoxyflurane, an inhalant, and implanted with permanent electrodes to record cortical EEG and neck muscle electromyography (EMG), as well as with temperature/activity telemetry transmitters. Two stainless-steel screws (1 mm diameter, Small Parts, Logansport, IN, model 000-120) inserted through the skull served as EEG electrodes; one was inserted 1 mm anterior to bregma and 0.5 mm right of the central suture, and the second, 0.5 mm anterior to lambda and 3 mm left of the central suture. Two insulated stainless-steel wires serving as EMG electrodes were inserted into the trapezius muscles. The electrodes, which were soldered to recording leads before implantation, and the anchored screws were cemented to the skull with dental acrylic. During the same surgery, implantable transducers (PDT-4000 E-Mitter by Mini-Mitter) that record body temperature and activity were inserted in the peritoneal cavity. Rather than using a battery, the E-Mitters are powered through an induction-coil base that is placed under the cage. As the animal moves, coil changes are necessary to receive a signal from the implanted E-Mitter; whenever these changes must be made, an activity count is generated to indicate movement. The body temperature (accurate to 0.1 degree) and activity (number of counts per 10-second time period) signals are sent via radio frequency signals to the receiver base; the data acquisition computer then collects these data concurrently with EEG and EMG waveforms. The animals were allowed at least 2 weeks of recovery from surgery, after which they were lightly anesthetized (methoxyflurane) and connected to the recording system via a lightweight tether and swivel that allowed free movements throughout the cage. Mice were allowed at least 5 days of recovery from this procedure.
Estrous-cycle Staging
Estrous-cycle stage was determined daily at lights off by vaginal smears, a technique that has proven to efficiently and accurately allow staging in the mouse. [33] [34] [35] [36] Smearing started at least 5 days before recording in order to habituate the animals to the procedure and was performed by 2 trained experimenters to avoid disturbing the cycle. The cellular contents of each saline lavage were classified under a microscope as leukocytes, nucleated epithelial cells, or cornified cells; 3 stages of the estrous cycle (diestrus, proestrus, and estrus) were identified according to the following criteria 37 : many leukocytes and a few nucleated epithelial cells in diestrus; many round nucleated epithelial cells in proestrus; many large, flat cornified cells with no leukocytes in estrus. Each estrous stage was assumed to consist of the light period before and the dark period after the smear. All data were analyzed on a continuum beginning with diestrus, following with proestrus, and ending with estrus; stages were separated into 24-hour blocks. Metestrus was excluded from the study because many smears on the day after estrus were diagnosed as diestrus; metestrus has been described to be of short duration, 35 and, therefore, it would have been incorrect to assign a 24-hour period to this short-lasting stage. All animals were smeared daily throughout the recording period that lasted until a full cycle was observed. Only animals displaying a full cycle in the 2 weeks following the start of recording were kept in the study. Nine out of 14 Balb, 10 out of 13 C57, and 12 out of 15 C3H mice were found to meet this criterion.
Sleep Recording and Data Acquisition and Analysis
Six to 12 mice were recorded simultaneously in each session. At least 2 strains were included in each session in an attempt to equally distribute the nonspecific (environmental) variation over strains. After at least 5 days of habituation to the recording device, EEG and EMG signals were recorded and fed into amplifiers (Grass Model 12, Astro-Med Grass Instrument Division, West Warwick, RI, USA). The EEG and EMG signals were amplified 10,000 and 5,000 times, low-pass filtered at 30 and 100 and high-pass filtered at 1 and 3 Hz, respectively. The signals were then digitized and stored at 102.4 Hz resolution on an on-line computer data-acquisition program (Multisleep 5.01, Actimetrics, Evanston, IL, USA). All EEG and EMG waveforms were hand-scored off-line for wake, NREM sleep, or REM sleep in 10-second epochs. For spectral analysis, each epoch was divided into five 2-second subepochs whose EEG were subjected to fast Fourier transformation; EEG power in the delta or slow-wave range (1-4 Hz) was calculated for all NREM sleep epochs after calibration to the amplifiers. To correct for interindividual differences in the EEG signal, delta power values were normalized: for each animal, the average delta power per time block was expressed as a percentage of the 3-day cycle mean NREM sleep delta power. The product of this transformation is designated SWA. To determine whether changes in REM sleep were specific to this stage or occurred in parallel with changes in NREM sleep, REM sleep was expressed as a percentage of total sleep time (REM/TST). Due to periods when the animals did not display any sleep, this parameter was analyzed only for total amounts over the 24-hour light:dark cycle and the 12-hour light and dark phases.
Complete sets of sleep data were collected for 9 BALB/cJ, 10 C57BL/6J, and 12 C3H/HeJ mice. Complete sets of body temperature and locomotor activity data were collected for 7 BALB/cJ, 9 C57BL/6J, and 12 C3H/HeJ mice.
Statistics
For each strain, effects of estrous stage on mean amounts of NREM sleep, REM sleep, body temperature, and locomotor activity over 24-hour and 12-hour periods (light and dark phases) were analyzed through 1-way ANOVAs (within-subject factor estrous stage); effects of estrous stage on the time-course data of vigilance state, body temperature, and locomotor activity were analyzed with 2-way ANOVAs (within-subjects factor estrous stage and within-subjects factor time). For strain comparisons, mean values of NREM sleep, REM sleep, body temperature, and locomotor activity averaged over the 3 days of the estrous cycle were analyzed over 24-hour and 12-hour periods (light and dark phases) with 1-way ANOVAs (between subject factor strain); the time course of these parameters was analyzed every 2 hours via 2-way ANOVAs (between subject factor strain and within factor subject time). Newman-Keuls or Tukey's posthoc tests were used for between-or within-group comparisons respectively.
RESULTS
Effects of the Estrous Cycle on Sleep in the 3 Strains of Mice
In Balb/cJ female mice, neither the amounts of NREM sleep, REM sleep, REM/TST (Table 1) nor the time course of any of the sleep parameters ( Figure 1) were affected by the estrous cycle over the 24-hour light:dark, 12-hour light, or 12-hour dark periods. Locomotor activity was also unaffected throughout the experiment (Table 1, Figure 2 ). The only variable where Balb mice exhibited alterations over the cycle was body temperature. While there was no main effect of the stage of the cycle over 24 hours (Table 1) , the time course of body temperature was cycle-dependent (stage x time interaction, F(22,132)=3.9, p<0.001). Mice showed an elevated temperature during the last 2 hours of the dark phase in estrus compared to diestrus and proestrus. This effect was not sufficient to modify the mean value of body temperature over the 12-hour dark period; however, analysis during the 12-hour light period revealed a main effect of the estrous stage [F(2,12)=3.93, p<0.05): animals had a higher body temperature during diestrus than in estrus (Table  1) ].
In C57bl/6J mice, different stages of the estrous cycle were associated with significant differences in the amounts of REM sleep over the dark period ( differences in the time course of NREM sleep were mainly apparent during the dark phase. Splitting the data into the light and dark phases also revealed a strain effect on the mean amount of NREM (Figure 3) . Significant differences were observed throughout the 24-hour period, which resulted in overall strain differences for both the 12-hour light and dark phases [F(2,28)=6.621 and 14.998, p<0.005 and p<0.0001 respectively].
Thus, unlike what was observed for the amount of NREM sleep, Balb mice showed a reduction in the amount of REM sleep during the light phase when compared to C57 and C3H. However, in the dark phase Balb and C3H mice had similar amounts of REM sleep, which differed from the amount displayed by C57 mice.
REM Sleep as Percentage of Total Sleep Time
No effect of strain was found when the data were compared over the 24-hour light-dark cycle. However, splitting the data into light and dark phases revealed major effects of the genetic background [F(2,28)=9.218 and 24.391 respectively, p<0.001 for both light and dark phases]. Posthoc analysis revealed that compared to the other strains, Balb mice had less REM sleep during the light phase but more during the dark phase ( Figure 3 ).
Body Temperature and Locomotor Activity
Mean values of body temperature and total counts of locomotor activity over the 24-hour light-dark cycle, light and dark phases and their time courses are depicted in Figure 4 . A main effect of strain [F (2, 25) Figure  4 bottom panels).
DISCUSSION
We report here that 1) sleep in female mice is only marginally altered by the estrous cycle and that these alterations depend on the genetic background and 2) sleep patterns in female mice are highly dependent on the genetic background.
Influence of the Estrous Cycle on Sleep in Female Mice
The estrous cycle has minor influences that appear to depend on the genetic background. Indeed, whereas Balb mice did not show any fluctuations of sleep parameters between the different stages of the estrous cycle, C57 mice exhibited decreased REM sleep during the night of proestrus compared to diestrus, and C3H mice showed decreases in both NREM sleep and REM sleep during the light phase of diestrus compared to estrus, suggesting that these animals sleep more during the light phase of estrus compared to diestrus. These sleep changes were not associated with modifications in body temperature or locomotor activity. Indeed, whatever the strain, the estrous stage had no effect on activity and only in Balb mice, where sleep was not influenced by the estrous stage, did temperature show fluctuations with values in the light phase of estrus being lower than in the light phase of diestrus. The effects of the estrous cycle on sleep in C57 mice, although of small amplitude, are consistent with data obtained in other species. Indeed, in human studies, small but significant changes in REM sleep amount across the menstrual cycle are reported. 20, 38 A decrease in the amount of REM sleep during the night of proestrus has been found in rats as well. [22] [23] [24] [25] [26] [27] It is important to note here that the amplitude of the sleep changes over the estrous or menstrual cycle, particularly in REM sleep, varies tremendously between studies. In human studies, for example, REM sleep latency has been reported to be either shorter 21 or longer 38 during the luteal phase compared to the follicular phase. Furthermore, Lee et al 21 found no differences in the percentages of the various sleep stages over the menstrual cycle, whereas Ishizuga et al 20 and Parry et al 38 reported small but significant changes in REM sleep amount; Driver et al 19 found changes only in the amount of NREM sleep. The same discrepancies can be outlined in rat studies where REM sleep variations over the estrous cycle range from a small and barely significant reduction 26, 27 to a marked and almost complete suppression during the night of proestrus. [22] [23] [24] Furthermore, although an increase in sleep during the day of estrus has been proposed as a compensatory response to the sleep deprivation during the previous proestrus night, [23] [24] [25] this phenomenon is absent in some studies. 22, 26 Thus, although most clinical and experimental studies report significant menstrual or estrous phase effects on sleep architecture, the findings from these studies do not converge into a clear and consistent picture. Use of different methodologies in both human and animal studies could explain the difficulty in establishing a clear relationship between sleep and hormone variation over the cycle. For example, in rats, some sleep recording studies selected females that exhibited regular cycles based either on activity patterns or on vaginal smears, [22] [23] [24] 27 while others, including our study in mice, did not. 25 We cannot exclude the possibility that animals with consistent and spontaneous estrous cyclicity have slightly different hormone profiles that would then have a different modulatory effect on sleep regulation. In addition, in rats given access to a running wheel, two studies reported a lower body temperature on the afternoon of proestrus and an increase that night. 28, 32 However, such variations were not observed in rats without a running wheel, 28 suggesting that the hormone influence per se on body temperature is minor. Furthermore, although increased wheel-running activity during the night of proestrus has been reported numerous times, 39,40 a recent study in mice from 3 different genetic backgrounds provides evidence that wheel-running activity is not a reliable and specific marker of the estrous cycle. 41 This discrepancy underlines the fact that, contrary to common belief, rats and mice are physiologically very distinct animals, and one should not expect their behavior to be similar.
Sleep in
Influence of Genetic Background on Sleep in Female Mice
Similar to what has been reported in male mice, 8, 9 inbred strain differences, and thus possible genetic involvement in the regulation of sleep, were found for the total daily amount of NREM sleep as well as for their distribution over the light and dark phases. Although all 3 strains differed from each other in the time course of NREM sleep, C3H mice differed from the other strains in that they exhibited increased total amount of NREM sleep over the whole 24-hour period. As expected, SWA, thought to be a measure of sleep homeostasis and/or sleep intensity in many species, including mice, 7 peaked during the dark phase after animals of each strain had been awake for an extended period of time. Then, as animals obtained more NREM sleep and sleep debt decreased, SWA exhibited a time-dependent decline. The pattern of SWA was largely the same in all 3 strains, coinciding with reports in male mice. 9 In contrast to the original sleep and genetics study in mice by Valatx, 6 our study in females, and more recent findings in males, 9 do not suggest a major influence of genetic background on the total amount of REM sleep. However, there appears to be clear strain differences in REM sleep distribution over the light-dark cycle. Indeed, in line with what was reported in a study of male mice by Franken et al, 9 strain differences in REM sleep in females were noted only when the light and dark phases were analyzed separately. Since different QTL were suspected for the amount of REM sleep in the light and dark period in male mice, 12 our data suggest that this seems to be valid for females as well. In our study, Balb mice displayed less REM sleep than did C57 mice during the light phase, and more during the dark phase. These differences reflect a flattened circadian pattern of REM sleep in Balb mice, which agrees with previous reports in male mice from the same strain. 9, 12 Interestingly, when REM sleep is expressed as percentage of TST, Balb mice appear to have specifically more REM sleep during the dark period compared to the light period. Large differences were noted in locomotor activity between the 3 strains of female mice that are consistent with data reported previously in male mice. 42 In particular, mice of the C3H strain were less active during the dark phase, which coincides with their increase in NREM sleep. Thus, overall, C3H mice are characterized by high nocturnal amounts of NREM sleep associated with decreased activity, and an intermediate phenotype for REM sleep. These mice are one of the few strains capable of melatonin biosynthesis, 43, 44 which differentiates them from mice of the 2 other strains in this study. Although various reports indicate that exogenous melatonin has hypnotic properties in humans 45 as well as in rodents, 46 most studies report a lack of significant effects on vigilance states. [47] [48] [49] [50] [51] [52] In particular, melatonin injected during the nocturnal period, when C3H mice exhibit an increase in endogenous melatonin, was found to be without effect in the rat. 53 It thus seems unlikely that melatonin could be the mediator of the differences in sleep between these mice and those from the 2 other strains. However, the reduction of nocturnal locomotor activity in these mice is in agreement with the reported effects of melatonin. [53] [54] [55] [56] [57] Thus, whereas melatonin does not seem to be involved in the strain differences that we report in sleep patterns, it could participate in the differences observed for locomotor activity.
In conclusion, we show in this study that sleep in female mice is strongly influenced by the genetic background and to a lesser extent by hormone variations in the milieu interieur associated with the estrous cycle. This is of considerable importance since it indicates that female mice, as well as male mice, can be used in future genetic sleep studies without having to factor in the day of the estrous cycle in data analysis. For example, females could be used to discover sex-specific QTLs for sleep. However, although baseline sleep is not strongly affected by the estrous cycle, it remains to be determined whether sleep patterns are sexually dimorphic in mice. Indeed, sex differences have been reported in many species (see review 58 ), and data on the impact of sleep deprivation in flies 59 and humans 60 suggest that these gender differences in sleep regulation could be independent of the estrous cycle. Furthermore, it is still of considerable interest to determine whether variations over the estrous cycle alter the effects of environmental factors, such as drug injections or stress, on sleep.
